Background UDP-GlcNAc 2-epimerase/ManNAc 6-kinase (GNE) is a bifunctional enzyme responsible for the first committed steps in the synthesis of sialic acid, a common terminal monosaccharide in both protein and lipid glycosylation. GNE mutations are responsible for a rare autosomal recessive neuromuscular disorder, GNE myopathy (also called hereditary inclusion body myopathy). The connection between the impairment of sialic acid synthesis and muscle pathology in GNE myopathy remains poorly understood. Methods Glycosphingolipid (GSL) analysis was performed by HPLC in multiple models of GNE myopathy, including patients' fibroblasts and plasma, control fibroblasts with inhibited GNE epimerase activity through a novel imino sugar, and tissues of Gne M712T/M712T knock-in mice. Results Not only neutral GSLs, but also sialylated GSLs, were significantly increased compared to controls in all tested models of GNE myopathy. Treatment of GNE myopathy fibroblasts with N-acetylmannosamine (ManNAc), a sialic acid precursor downstream of GNE epimerase activity, ameliorated the increased total GSL concentrations. Conclusion GNE myopathy models have increased total GSL concentrations. ManNAc supplementation results in decrease of GSL levels, linking abnormal increase of total GSLs in GNE myopathy to defects in the sialic acid biosynthetic pathway. These data advocate for further exploring GSL concentrations as an informative biomarker, not only for GNE myopathy, but also for other disorders of sialic acid metabolism. 
Introduction
GNE myopathy, also termed hereditary inclusion body myopathy (HIBM, IBM2; OMIM#600737) or distal myopathy with rimmed vacuoles (DMRV, Nonaka myopathy; OMIM#605820), is a rare autosomal recessive, neuromuscular disease. GNE myopathy is caused by GNE mutations, which encodes uridine diphosphate (UDP)-N-acetylglucosamine (GlcNAc) 2-epimerase/N-acetylmannosamine (ManNAc) 6-kinase (GNE), a key enzyme in sialic acid synthesis ( Supplementary Fig. S1 ) (Eisenberg et al 2001; Hinderlich et al 1997; Keppler et al 1999) . N-acetylneuraminic acid (Neu5Ac, commonly referred to as sialic acid) is the most common mammalian sialic acid, and the precursor of most other forms of sialic acids (Schauer 2009; Varki 1997 Varki , 2008 . Sialic acids are common terminal monosaccharides in both protein and lipid glycosylation where they provide a net negative charge and hydrophilicity that facilitate many functions, including roles in cell adhesion, signaling, and charge repulsion (Keppler et al 1999; Schauer 2009; Varki 1997 Varki , 2008 .
GNE myopathy patients' mutations (mostly missense) have been recorded throughout GNE and in a wide variety of ethnicities, with Japanese and Persian-Jewish genetic isolates (Eisenberg et al 2001 (Eisenberg et al , 2003 Huizing and Krasnewich 2009; Nishino et al 2002) . Symptoms of GNE myopathy generally begin with distal muscle weakness in early adulthood. Muscle weakness both increases and spreads proximally, leaving patients wheelchair-bound approximately one to two decades postonset (Argov and Yarom 1984; Nonaka et al 1981 Nonaka et al , 2005 . Biopsies of affected muscle characteristically display accumulations of autophagosomes often referred to as rimmed vacuoles (Malicdan et al 2007a, b; Nishino 2006; Nonaka et al 1998) , cytoplasmic tubulofilamentous inclusions (Nonaka et al 1981) , and intracellular deposition of β-amyloid and α-synuclein, as well as abnormally phosphorylated Tau (Askanas et al 1993; Askanas and Engel 1995) .
A complete knock-out of the Gne gene in mice displayed early embryonic lethality (Schwarzkopf et al 2002) . A Gne knock-in mouse model mimicking the p.M712T mutation, common among Persian-Jewish patients, unexpectedly died before 3 days of life (postnatal day 3, P3) of severe glomerular disease due to hyposialylation (Galeano et al 2007; Kakani et al 2012) . Administration of the sialic acid precursor ManNAc increased survival of mutant Gne M712T/M712T pups beyond P3. Surviving mutants exhibited improved renal histology, increased levels of Gne protein and Gne-epimerase activities and increased glomerular sialylation (Galeano et al 2007; Kakani et al 2012) . However, in GNE myopathy patients no indications of renal abnormalities have been reported. Humans and mice may differ in the relative importance of sialic acid to the kidney, and protein glycosylation patterns also vary (Chou et al 1998; Kershaw et al 1997) . Mutant Gne M712T/M712T pups did not live long enough to develop a muscle phenotype. However, in mutant pups rescued from neonatal lethality (by ManNAc administration or sporadic spontaneous survival) hyposialylation of muscle tissue can be detected by lectin staining at older ages (~4 months and older) (Niethamer et al 2012) , similar to patients with GNE myopathy (Nemunaitis et al 2010 (Nemunaitis et al , 2011 .
Despite the identification of impaired GNE activity in GNE myopathy, the connection between the impairment of sialic acid synthesis and muscle pathology remains poorly understood. Recent studies of the Gne M712T/M712T mouse model pointed to muscle-specific alterations in glycosphingolipid (GSL) levels (Paccalet et al 2010) . We aimed to further investigate the global alterations in GSL levels in multiple models of GNE myopathy, including patients' fibroblasts and plasma samples, control fibroblasts with inhibited GNE epimerase activity, and tissues of the Gne M712T/M712T mouse model. Our studies provide compelling evidence that GSL concentrations can be an informative marker for GNE myopathy and likely other disorders with disruptions in the sialic acid synthesis pathway.
Materials and methods
Patients, primary fibroblasts and plasma GNE myopathy patients were enrolled in a clinical protocol approved by the Institutional Review Board of the National Human Genome Research Institute (NHGRI) to investigate inborn errors of metabolism. Written informed consent was obtained from each patient. The diagnosis of GNE myopathy was based on clinical features, muscle pathology, and the presence of GNE gene mutations. Primary fibroblasts cultures were obtained from a skin biopsy. Plasma was obtained from two female patients, homozygous for the GNE p.M712T Persian-Jewish founder mutation, and three controls enrolled in clinical studies at the NIH.
Cell culture and compound treatments
Primary human fibroblasts were grown in DMEM (Invitrogen) supplemented with 10 % fetal calf serum (FCS, Invitrogen) containing 100 U/ml penicillin and 0.1 mg/ml streptomycin. HepG2 cells were grown in RPMI1640 medium (Invitrogen) containing 10 % FCS, 2 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml streptomycin. For ManNAc supplementation, primary fibroblasts were grown to confluency in standard media containing 2 % FCS with or without 10 mM ManNAc (Sigma). For GNE inhibitor treatments, fibroblasts were grown for 1 week in standard media containing 10 % FCS, with or without acetamido trihydroxyazepane [22] (Li et al 2009 ) (α-D-gluco -like hexosaminidase inhibitor) in various concentrations. After a week, media were removed and replaced with media containing 2 % FCS and same supplements as previously, followed by incubation for 2 weeks while cells reached confluency. Fibroblasts were harvested by scraping, pelleted by centrifugation and subjected to GSL extraction. Each data point represents an independent sample.
Animals

Gne
M712T/M712T knock-in mice were generated using a murine targeting vector for homologous recombination in C57BL/6 J embryonic stem cells constructed to include the p.M712T Gne mutation in exon 12 (ATG to ACG) (Gne , Uae1 , GenBank NM_015828), as described (Galeano et al 2007) . The mice were maintained in the C57BL/6 J background. Animals were housed in an Association for Assessment and Accreditation of Laboratory Animal Care Internationalaccredited specific pathogen-free facility in accordance with the Guide for the care and use of laboratory animals (NIH publication no. 85-23. Revised 1985) . All mouse procedures were performed in accordance with protocol GO4-3 approved by the Institutional Animal Care and Use Committee or the National Human Genome Research Institute. Mice were euthanised at P2. All experiments on mouse tissues were performed on at least five wild type and five mutant mice for each tissue (often littermates).
Glycosphingolipid analysis
Mouse tissues were dounce homogenised in the presence of protease inhibitor cocktail (Roche). Tissue extracts and fibroblasts were further lysed with three freeze-thaw cycles on dry ice in the presence of 0.1 % Triton-X100. As described previously (Neville et al 2012) , GSLs were extracted and purified, glycans released using Hirudo medicinalis ceramide glycanase (OGBI, Oxford, UK), labelled with anthranilic acid (2AA) and analysed by normal-phase high-performance liquid chromatography (HPLC).
GNE epimerase enzyme assay
The conversion of UDP-GlcNAc to ManNAc was assayed based on previously described methods (Sparks et al 2005) . Confluent HepG2 cells were scraped and lysed in epimerase reaction buffer (0.2 M MES buffer, pH 7.2, containing 150 mM NaCl, 10 mM CaCl 2 , 0.1 mM UDP, and 1 % Triton-X100). Lysates were stored at −20°C until use in GNE epimerase reactions. HepG2 lysate in epimerase reaction buffer was added to UDP-GlcNAc (final concentration 100 μM) and MgCl 2 (final concentration 10 mM). Reactions were either immediately boiled for 1 min for baseline measurements, or incubated at 37°C for 1 h (unless otherwise specified) before the reaction was stopped by boiling. Following the reaction, ManNAc was labelled with anthranilic acid (2-AA) (Sigma) and separated by Reversephase HPLC as described below. If used, acetamido trihydroxyazepane [22] imino sugar was added to GNE epimerase reactions with UDP-GlcNAc and MgCl 2 .
Reverse-phase HPLC Purified 2-AA-labelled monosaccharides were separated by reverse-phase HPLC using a 4.6×250 mm XTerra MS C 18 5 um column (Waters) and Dionex DX 500 chromatography system with in-line Jasco FP-920 fluorescence detector. The gain was set to 1000 and the emission bandwidth to 40 nm. Chromatography was performed at 40°C. Solvent A was composed of 0.15 % 1-butylamine, 0.5 % H 2 PO 4 , and 1 % THF in water. Solvent B was composed of 50 % acetonitrile, 0.15 % 1-butylamine, 0.5 % H 2 PO 4 , and 1 % THF in water. All chromatography was controlled, and data collected and processed using Dionex Chromeleon software for the DX 500 system, using the gradient: time=0 (t =0), 95 % A, 5 % B (1 ml/min), t =7, 95 % A, 5 % B (1 ml/min), t =25, 82 % A, 18 % B (1 ml/min), t =27, 0 % A, 100 % B (1 ml/min), t =32,with 2-AA were injected for identification of ManNAc retention time. Injection volume of 2-AA labelled material/ acetonitrile was 50 μl.
Immunoblotting
Patients and control fibroblasts (cultured as described above) pellets were lysed in 50 mM Tris, 300 mM NaCl, 0.5 % Triton, and 5 mM EDTA in the presence of protease inhibitors (Complete Mini; Roche Applied Science, Mannheim, Germany). Selected control samples were desialylated by incubation with 1 μl (50U) neuraminidase (NA) for 1 h at a 37°C (P0728, New England Biolabs, Ipswich, MA). Total protein concentrations were measured by the DC Protein assay (Bio-Rad Laboratories, Hercules, CA). Total protein extracts (20 μg) were mixed with 5X sample loading buffer for SDS PAGE (GenScript, Piscataway, NJ), boiled at 95°C for 5 min, and loaded onto 4-12 % Tris-Glycine gels (Invitrogen), followed by electroblotting onto nitrocellulose membranes (Invitrogen). The membranes were probed with mouse monoclonal anti-LAMP1 (H4A3-S) or anti-LAMP-2 (H4B4-S) antibodies (both from Developmental Studies Hybridoma Bank, University of Iowa, IO) or rabbit polyclonal anti-CD63 antibodies (H-193; Santa Cruz Biotechnology, Santa Cruz, CA). Anti β-actin (Clone AC-15) or anti-α-tubulin (Clone B-5-1-2) antibody (both from Sigma Aldrich, St. Louis, MO) labelling was used as loading control. Detection was performed with anti-mouse or anti-rabbit secondary IRDye800CW-conjugated antibodies for Li-Cor Odyssey Infrared detection (Li-Cor Biosciences, Lincoln, NE).
Immunofluorescence
Patients and control fibroblasts (cultured as described above) were seeded onto Lab-Tek Chamber Slides (Nunc, Thermoscientific Roskilde, Denmark) and grown overnight. For antibody staining, the cells were fixed with 3 % paraformaldehyde, blocked in phosphate buffered saline (PBS), 2 % donkey serum, 1 % saponin, and 5 % glycine. Cells were then incubated overnight with mouse monoclonal anti-LAMP-2 or anti-CD63 antibodies (H4B4 or H5C6; Developmental Studies Hybridoma Bank, University of Iowa) in PBS, 2 % bovine serum albumin (BSA), 1 % saponin, followed by secondary anti-mouse Alexa Fluor 555 (Invitrogen). For endocytosis studies, cells were incubated 45 min in culture medium containing 1 mg/ml Dextran Alexafluor 488 (10,000 MW-fixable, D22910; Invitrogen), followed by washout with PBS and fixation in 3 % paraformaldehyde. All fluorescent labelled cells were mounted with Vectasheld (Vector Laboratories, Burlingame, CA). All imaging was performed on a Zeiss LSM 510META confocal laser-scanning Microscopy (Carl Zeiss, Jena, Germany). All presented images are 1D projections of confocal Z-stacks.
Statistical analysis
Conventional statistical methods were employed to calculate mean values and standard errors of the mean (SEM). Differences between groups were tested for significance using two-tailed Student's t-test for unpaired observations.
Results
GSL levels are increased in primary GNE myopathy fibroblasts
To measure GSL concentrations in primary fibroblast cell lines isolated from skin biopsies of patients with GNE myopathy, we used HPLC analysis of fluorescently labelled glycans released from lipids (Fig. 1a) . Patients' fibroblasts carrying missense mutations throughout GNE (Fig. 1b) were used, allowing for the study of mutations in either or both the epimerase and the kinase domains of GNE. These cell lines will further be referred to as patient 1 (carrying two epimerase domain mutations, p.R335W/L347del;H348N), patient 2 (carrying one epimerase domain mutation, p.V216A, and one kinase domain mutation, p.A631V), patient 3 (homozygous for the Persian-Jewish founder kinase domain mutation, p.M712T), and patient 4 (carrying two epimerase domain mutations, p.G135V/R246W).
Eight GSL-derived oligosaccharide species were identified in human fibroblasts, with Gb3 being the major peak (Fig. 1c) . Although the changes in individual GSL species varied depending on the GNE mutations, all patient derived cell lines displayed a trend of significantly increased total GSL Fig. 1 GSL concentrations are increased in GNE myopathy patients' fibroblasts. a The GSL biosynthesis pathway. GSL glycan structures follow the Oxford standard system for carbohydrate diagrams. For further details on GSL biosynthesis please see Wennekes et al (Wennekes et al 2009) . b Schematic structure of the GNE protein with mutations in GNE myopathy patients' fibroblasts, epimerase enzymatic domain (GNE), kinase enzymatic domain (MNK), and allosteric site are indicated. c HPLC analysis of 2-AA labelled GSL-derived oligosaccharides isolated from control (+/+) and GNE myopathy patients' fibroblasts grown in 10 % FCS. Peak numbers refer to GSL species in (a). d Total GSL measurements from control (+/+) and GNE myopathy patients' fibroblasts grown in 10 % FCS. e Comparison of individual GSL concentrations in control (+/+) and GNE myopathy patients' fibroblasts grown in 10 % FCS. f GSL concentrations analysed by series in control (+/+) and GNE myopathy patients' fibroblasts. Bars represent mean±SEM (n =3) *P <0.05, **P <0.01, ***P <0.001 (two-tailed unpaired Student's t-test) concentration (Fig. 1d) . Surprisingly, concentrations of both neutral and sialylated GSL species were significantly increased in patient-derived cell lines when compared to control fibroblast (Fig. 1e) . Compared to controls, fibroblasts from patient 1 demonstrated significantly higher concentrations of neutral Gb3, Gb4, and PG. Patient 2 fibroblasts showed significantly increased expression of Gb3, Gb4, and, unexpectedly, sialylated GM3, GM2, and GM1a. Similarly, patient 3 fibroblasts had significantly increased neutral Gb3, Gb4, PG, and sialylated GM3 and GM2.
The changes in GSL concentrations in GNE myopathy fibroblasts could not be explained by increases in a single GSL biosynthesis series. All patients' fibroblasts showed a significant increase in the neutral globo-series (Fig. 1f) . The a -series, containing sialylated GSL species, was also increased in all patients' cell lines (significant in patient 2 and patient 3, carrying a kinase domain mutation). For the weakly expressed neolacto-series GSLs, patients 1 and 3 displayed increased concentrations compared to controls. Only b-series GSLs, consisting in fibroblast cells solely of minimally expressed GD3, had decreased expression in patients' cell lines (significant only for patient 3).
Increase in GSL levels results from decreased sialic acid synthesis due to impaired GNE function
The mechanisms by which mutated GNE can increase levels of both sialylated and neutral GSLs remain unclear. The nuclear localisation of GNE (Krause et al 2005) , the binding of GNE to proteins such as CRMP-1, PLZF (Weidemann et al 2006) , and α-actinin (Amsili et al 2008) , the existence of multiple alternatively spliced GNE transcripts (Yardeni et al 2011) , and the oligomer formation of GNE (Ghaderi et al 2007) have led to speculation that GNE may have additional functions outside of sialic acid synthesis (Wang et al 2006) . To test whether increased GSL concentrations are directly linked to the impairment of sialic acid synthesis or, alternatively, to a yet undefined function of GNE, fibroblasts were grown in media supplemented with ManNAc or the GNE epimerase activity inhibitor acetamido trihydroxyazepane.
ManNAc supplementation was previously shown to increase sialic acid concentrations and glycoprotein sialylation (Galeano et al 2007; Jones et al 2004; Kakani et al 2012; Keppler et al 1999; Malicdan et al 2009 Noguchi et al 2004; Schwarzkopf et al 2002) . Notably, ManNAc supplementation can increase sialylation despite GNE kinase domain mutations (as seen in some GNE myopathy patients) due to ManNAc phosphorylation by promiscuous kinases, in particular GlcNAc kinase (Hinderlich et al 2001) . Since cells in culture can recycle monosaccharides from glycans found in FCS (Schwarzkopf et al 2002) decreasing the requirement for de novo synthesis of sialic acid, control and GNE myopathy patients' fibroblasts were grown in serum-deprived conditions (2 % FCS) with or without 10 mM ManNAc. All cell lines including controls exhibited increased GSL concentrations in serum deprived conditions when compared to standard 10 % FCS conditions (data not shown). Changes in control lines with reduced FCS may be explained by low GNE expression in this cell line. It is likely that even in control conditions some amount of glycan recycling is required to maintain standard sialic acid levels. Both GNE myopathy and control fibroblasts showed a significant decrease in total GSLs when grown in the presence of ManNAc (Fig. 2a, b) . Importantly, a significant reduction was observed in Gb3, GM3, and Gb4 ( Supplementary  Fig. S2 ), GSL species that were significantly increased in untreated GNE myopathy cell lines compared to control (Fig. 1e) .
These data imply that the connection between impaired GNE function and increased levels of GSLs stems from the role of the enzyme in the biosynthesis of sialic acid. We implicate reduced bioavailability of sialic acid in the abnormal accumulation of cellular GSLs.
Polyhydroxylated azacycles, or imino sugars, are potent inhibitors of glycosidases. Imino sugars act as monosaccharide mimics due to their ability to adopt similar spatial conformations to monosaccharides (Alonzi and Butters 2011; Butters et al 2000) . A series of imino sugars mimicking the charged transition state of GlcNAc were reported to have inhibitory activity against GNE epimerase (Al-Rawi et al 2004). Here, we tested an acetamido trihydroxyazepane imino sugar (acetamido trihydroxyazepane [22] ; Fig. 2c ), a D-glucolike hexosaminidase inhibitor (Li et al 2009) for inhibitory activity against GNE epimerase enzymatic activity. We developed a GNE epimerase enzymatic assay based on the work of Sparks et al (Sparks et al 2005) . Epimerase activity was measured through the production of ManNAc in HepG2 cell lysates after addition of UDP-GlcNAc. The human liver carcinoma cell line, HepG2, was chosen for these experiments due to high expression of the GNE gene in human liver (Lucka et al 1999) . Analysis over a range of concentrations revealed potent inhibition with an IC 50 around 10 μM (Supplementary Fig. S3 ). GNE myopathy fibroblasts grown in the presence of the acetamido trihydroxyazepane displayed a dose-dependent increase in already elevated GSL concentrations, regardless of the cell line genotype (Fig. 2d, e) . In control fibroblasts, acetamido trihydroxyazepane addition also induced a GNE myopathy-like increase in GSL levels, although, as expected, the concentration of the compound required to induce a significant effect was higher than that for GNE myopathy cell lines (Fig. 2e) . Both neutral and sialylated GSL species showed a trend towards increase in all cell lines following treatment with 100 μM acetamido trihydroxyazepane ( Supplementary Fig. S4 ) as were absolute amounts of GSLs in all series (results not shown). These experiments add further evidence to support a negative correlation between sialic acid biosynthetic capability and total GSL concentrations.
GSL concentrations are increased in GNE myopathy patient plasma
Plasma from three control and two female patients with GNE myopathy homozygous for the p.M712T founder mutation were analysed for GSL concentrations. Twelve GSL-derived oligosaccharides were detected, ten of which could be identified by comparison of glucose unit values to a standard GSLderived glycan database (Fig. 3a, c) . Although the limited sample set did not allow statistical analysis, an increase in total GSL was observed in both patients' plasma samples (mean 0.0055 pmol/μg of protein in GNE myopathy patients vs mean 0.0029 pmol/μg of protein in controls) (Fig. 3b) . Similar trends were observed for several individual GSL species (Fig. 3c) . Although preliminary, our evidence Fig. 2 Manipulation of the sialic acid synthesis pathway alters GSL concentrations. a HPLC analysis of 2-AA labelled GSL-derived glycans from fibroblasts grown in 2 % FCS media with (black) or without (grey) 10 mM ManNAc. Peak numbers refer to structures in Fig. 1a . Chromatograms are adjusted for total protein. b Total GSL levels in cells treated as in A. c Chemical structure of acetamido trihydroxyazepane [22] . d HPLC analysis of 2-AA labelled GSL-derived glycans purified from fibroblasts grown for 1 week in 10 % FCS and 2 weeks in 2 % FCS in the absence (black) or presence of acetamido trihydroxyazepane [22] at 10 μM (dark grey) or 100 μM (light grey). Chromatograms are adjusted for total protein. e Total GSL concentrations in cells treated as in D. Results in bar graphs represent mean ± SEM (n =3) *P <0.05, **P <0.01, ***P < 0.001 (two tailed unpaired Student's t-test) presents an intriguing possibility that increased plasma levels of GSLs could be employed as a potential marker of GNE myopathy. Further investigation to include increased sample sizes, as well as patients with mutations throughout GNE is essential.
GSL levels are increased in Gne M712T/M712T mice To evaluate the in vivo relevance of our findings of increased GSL levels in GNE myopathy patients' plasma and fibroblasts, we employed the Gne M712T/M712T knock-in mouse model. As described, mutant Gne M712T/M712T mice die before P3 of severe glomerular disease due to hyposialylation (Galeano et al 2007) . Due to lack of a better animal model (such as a muscle-specific knock-in model), GSL analysis was performed on Gne M712T/M712T knock-in mice sacrificed at P2. Although there were no significant changes at this age in total GSL concentrations in the five tissues tested, including gluteus (skeletal muscle), kidney, heart, liver and brain (Fig 4a) , significant changes in individual GSL species were detected. Skeletal muscle, the only affected tissue in GNE myopathy patients, demonstrated significantly increased levels of several GSL species including neutral Gb3, Gb4, and PG, as well as sialylated 2,3-SPG (Fig. 4b) . Previously reported decreases in GM3 in 4 to 6 month old mutant mice (Paccalet et al 2010) were not observed at P2. Our preliminary data suggest that this discrepancy is unlikely to be due to age, but may be explained by the muscle tested, gluteus rather than gastrocnemius (Paccalet et al 2010) , or normalisation, protein concentration rather than wet weight (Paccalet et al 2010) .
In agreement with previous studies (Paccalet et al 2010) , no significant differences in GSL concentrations were observed in kidney, heart, and liver. In mutant brain, an unidentified GSL species was significantly increased when compared to age-matched controls. These data suggest that skeletal muscle, the only tissue affected in GNE myopathy patients, is particularly susceptible to increases in GSL concentrations, which likely result from impairment of sialic acid biosynthesis.
Endo-lysosomal markers in GNE myopathy fibroblasts
Selected endosomal markers were used to evaluate the endocytic vesicular system in GNE myopathy fibroblasts that could help explain the global increase of GSL species. Distribution of the fluid-phase endocytosis marker dextran appeared similar in GNE myopathy fibroblasts compared to control cells (Supplementary Fig. S5a ). Likewise, immunofluorescence studies showed a normal cellular distribution of the endo-lysosomal membrane markers LAMP-2 and CD63 ( Supplementary Fig. S5b ). Immunoblotting assays with the membrane markers LAMP-1, LAMP-2 and CD63 showed a decreased expression of all three markers in GNE myopathy fibroblasts compared to control fibroblasts. In addition, LAMP-1 and LAMP-2 proteins exhibited a slightly decreased molecular weight (illustrated by a downshift on the immunoblot), similar to neuraminidase-treated control fibroblast extracts ( Supplementary Fig. S5c ).
Discussion
In the present study, we sought to investigate GSL levels in models of GNE myopathy. Our global GSL analysis found consistent and significant increases in both sialylated and neutral species in multiple models of GNE myopathy. First, cultured fibroblasts isolated from GNE myopathy patients Fig. 3 Total GSL concentration is elevated in GNE myopathy patients' plasma. a HPLC analysis of 2-AA labelled GSL-derived oligosaccharides purified from control (n =3) and GNE myopathy patients' plasma (n =2; both harboring a homozygous p.M712T mutation in GNE). Peak numbers correspond to structures in Fig. 1a . Chromatograms are adjusted for total protein. b Total GSL concentrations from control and patients' plasma. c Plasma concentrations of individual GSL species, as outlined in a mouse tissue. HPLC analysis of 2-AA-labelled ceramide glycanase-released oligosaccharides from GSLs purified from P2 tissues of a GNE myopathy knock-in mouse model. Levels of GSLs are expressed in pmol per 1 μg total protein. GSL numbers refer to structures in Fig. 1a . Each bar represents mean ± SEM (n ≥5) *P <0.05, **P <0.01, ***P <0.001 (two-tailed unpaired Student's t-test). a Total GSL, b Gluteus (skeletal muscle), c Kidney, d Heart, e Liver, f Brain showed unspecific increases in GSL concentrations, which decreased following ManNAc supplementation to bypass the requirement for GNE enzymatic activity in the sialic acid biosynthesis pathway. Second, GSL expression in control fibroblasts was increased following pharmacological inhibition of GNE epimerase activity using a novel imino-sugar inhibitor. Third, plasma samples of GNE myopathy patients showed increased GSLs. And finally, skeletal muscle of a GNE myopathy knock-in mouse model showed a trend towards increased GSL levels at postnatal day 2.
Our results provide evidence that impaired biosynthesis of sialic acid causes an accumulation of GSLs in mammalian cells. Surprisingly, this not only affects neutral, but to the same extent charged, sialylated, GSLs, which appears counterintuitive since enhanced sialylation in the conditions of sialic acid deprivation appears unlikely. If biosynthesis of GSLs was increased globally in sialic acid-deficient cells, elevation of neutral-to-charged GSL ratio would be expected, which is not supported by our data. Additionally, we did not succeed in detecting an increase in GM3 synthase, one of the major enzymes in GSL biosynthesis, in P2 mice or older animals rescued by ManNAc treatment (data not shown). Overall, the observed accumulation of GSLs following impairment of GNE function is unlikely to be mediated via enhanced glycolipid biosynthesis. We therefore propose that the effect is a consequence of impairment of GSL degradation.
GSL catabolism begins when fragments of plasma membrane containing GSLs targeted for degradation are endocytosed in coated pits and trafficked through the endosomal pathway to the lysosome as intralysosomal structures (Huwiler et al 2000) . Unlike in inherited glycosphingolipid storage diseases when a deficiency in a particular catabolic enzyme causes an accumulation of individual GSL species, the build-up of GSLs observed in GNE myopathy is not specific. Such a global increase in all detectable GSL species likely indicates a lesion earlier in the endocytosis-endosome-lysosome pathway.
Distribution of the endocytic fluid phase marker dextran appeared normal in GNE myopathy fibroblasts, suggesting a normal endocytic pathway (Supplementary Fig. 5A ). However, while the glycosylated endo-lysosomal membrane markers LAMP-1, LAMP-2 and CD63 showed a normal intracellular distribution ( Supplementary Fig. 5B ), their expression was decreased in GNE myopathy fibroblasts ( Supplementary Fig 5C) . In addition, LAMP-1 and LAMP-2 appeared to be aberrantly glycosylated.
Interestingly, a group of myopathies such as Pompe disease, Danon disease (LAMP-2 deficiency) and X-linked myopathy with excessive autophagy (XMEA), characterised by a progressive course of muscle weakness and accumulation of autophagic vacuoles-symptoms typical of GNE myopathy-display impairment of lysosomal function (Malicdan and Nishino 2012; Malicdan et al 2008; Nishino 2006; Ramachandran et al 2009) .
We propose a model for GNE myopathy in which a decrease in the rate of sialic acid biosynthesis causes disruption of the endocytosis-endosome-lysosome pathway, possibly through hyposialylation of essential glycoprotein(s) mediating one of the steps in the process. Attractive candidates for such are LAMP-1 and LAMP-2, highly glycosylated lysosomal proteins, deficiencies of which may cause impairment of lysosomal pathways (Eskelinen 2006) , which may in turn lead to progressive accumulation of GSLs. These findings warrant future research, beyond the scope of this paper, with a wider variety of membrane and fluid-phase endosomal markers to further investigate whether defects in the complex endo-lysosomal system underlie the increase in GSL species.
Our proposed model can also account for apparent contradictions between our data and that in the published literature. Wang et al previously reported decreased levels of GM3 and GD3 with siRNA and shRNA knockdown of GNE in HEK AD293 cells (Wang et al 2006) . However GM3 and GD3 levels were measured using FACs, a technique which measures GSLs on the plasma membrane while our HPLC method measures GSLs throughout the cell. If a decrease in sialic acid biosynthesis interrupts the endocytosis-endosome-lysosome pathway we would expect GSLs to be aberrantly stored on vesicles within the cell rather than the cell surface leading to very different interpretations using these different techniques.
GNE myopathy fibroblasts have elevated GSL expression in normal growth conditions, implying that they cannot synthesise or incorporate extracellular sources of sialic acid efficiently. When GNE myopathy cells are grown in serum-deprived conditions, GSL levels further increase. These findings predict that in conditions of sialic acid deprivation, recycling of extracellular nutrients would also be impaired. This impairment may over time affect sialylation and function of crucial membrane glycans of the endosomal-lysosomal pathway, further limiting the access to extracellular sialic acid. This model may also offer insight into the late onset and progressive nature of myopathic symptoms of GNE myopathy.
In summary, GSL concentrations have been shown to be sensitive to lesions in the sialic acid synthesis pathway. Here we demonstrate non-specific accumulation of GSLs in GNE myopathy, which might serve as a useful marker of the disease, in addition to previously suggested sialylation status of neural cell adhesion molecule (NCAM) (Valles-Ayoub et al 2012) . GSLs may also be explored as markers of other diseases with aberrant sialic acid metabolism since they can be non-invasively measured in unaffected tissues such as blood.
